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Abstract Silicon nanocrystals with dimensions of about 3 to 4 nm are fabricated by hydrogenation
of amorphous silicon layers with thickness of about 15 nm. The strong binding of nanocrystals to
the amorphous matrix, which prevents them from showing luminescence, is broken up by a plasma
treatment process in the presence of H2, N2O, and SF6. Regions with high nanocrystal density show
more resistance against plasma etching. By controlling the etching parameters such as precursor flow
rates during hydrogenation and plasma treatment processes, it seems possible to realize luminescent
layers. Photoluminescence (PL) studies show that nanocrystals emit light around a wavelength of
550 nm.Multilayer structures have been fabricated to increase the PL intensity by separating luminescent
nanocrystal layers with a 5 nm-thick layer of silicon oxynitride. The entire fabrication process has been
performed in a conventional RF-PECVD reactor offering hope for realization of cost-effective silicon light-
emitting structures. The low temperature nature of the proposed process could lead to the fabrication of
light-emitting devices on low cost substrates like glass or even plastic.
© 2013 Sharif University of Technology. Production and hosting by Elsevier B.V.
Open access under CC BY-NC-ND license.1. Introduction
Silicon technology has revolutionized everyday life com-
pared to the past few decades. Silicon based devices are widely
utilized in industries, offices, homes, cars and occasionally
inside human bodies. The indirect band structure of silicon,
however, hinders the use of this material in the field of opto-
electronics, especially light-emitting applications. As a result,
light-emitting-diodes (LED) and lasers are usually made from
compound semiconductors such as gallium arsenide and in-
dium phosphide. These materials are efficient in light-emitting
applications but are much more expensive than silicon. More-
over, it is rather difficult to integrate compound semiconduc-
tor devices into silicon microchips. These obstacles in addition
to the bandwidth bottleneck of metal wires connecting silicon
memories and compound semiconductor light-emitters, have
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doi:10.1016/j.scient.2013.02.016led industry and academia to search for suitable silicon based
light-emitting structures.
Although bulk silicon is not suitable for light-emitting pur-
poses, the observation of strong photoluminescence (PL) from
porous silicon structures [1] revealed silicon nanostructures as
promising materials. It is generally believed that light emission
in porous silicon as well as many other silicon nanostructures
is originated from the quantum confinement phenomenon and
defect states at the surface/interface of silicon nanocrystallites
and the surrounding medium [2]. Meanwhile, other mecha-
nisms such as the presence of surface hydrides or luminescent
molecules like silioxene have been proposed [3]. Porous silicon
light-emitting structures are among well-studied subjects of
semiconductor technology [2]. In the past two decades, PL stud-
ies of porous silicon and oxidized porous silicon have demon-
strated their luminance efficiency from the near-infrared (NIR)
to ultraviolet region of the spectrum [4]. Moreover, strong elec-
troluminescence spectra have been obtained by implementa-
tion of electrolyte contact, homojunctions, heterojunctions, and
Schottky barrier junctions to porous silicon [4–7].
Although fabrication of luminescent porous silicon struc-
tures is simple and inexpensive and there has been partial suc-
cess in integrating them with electronic devices [8,9], there are
many challenges in the realization of reliable siliconmonolithic
optoelectronic integrated circuits. Porous silicon reactswith the
ambient air and its optical properties alter continuously with
evier B.V. Open access under CC BY-NC-ND license.
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on the way it is dried after anodic/stain etching and even the
chemical composition of the container used for its storage [3].
Moreover, to obtain efficient luminescence from porous sili-
con, porosity as high as 80% is necessary [3]. Even though light-
emitting structures are normally prepared after the complete
fabrication of electronic components, the fragile microchip is
still very difficult to keep intact during the post-fabrication pro-
cesses.
In addition to porous silicon, light-emitting structures have
been fabricated based on embedded silicon nanostructures.
Luminescent silicon nanocrystals have been formed by high
dose silicon ion implantation into quartz substrates [10] or
as-prepared layers of silicon oxide or silicon nitride [11,12].
Quantum confinement is presumably the origin of light emis-
sion in embedded silicon nanocrystals, as oxidizing the sam-
ples leads to a blueshift in their luminescence energy [12].
Embedded luminescent amorphous silicon nanostructures can
also be realized by controlled deposition of silicon nitride lay-
ers [11,13]. Transmission electron microscopy (TEM) analy-
ses along with theoretical calculations provide strong evidence
that luminescence in embedded amorphous silicon quantum
dots is due to the radiative combination of confined carri-
ers [13]. Similar to porous silicon, embedded silicon nanos-
tructures luminesce from NIR to ultraviolet [13,14]. In order
to increase the efficiency of light-emitting structures, em-
bedded silicon nanocrystals can be combined with rare earth
materials, mainly erbium [15]. Realization of this high efficient
luminescent structure requires high energy (>1 MeV) ion im-
plantation which makes it very costly [14]. Moreover, to ob-
tain appropriate luminescence intensity, very high temperature
annealing (∼1000 °C) is needed to decrease the crystal defects
and to reduce the nonradiative recombination caused by high
dose and high energy implantation [16]. In addition to silicon,
nanostructures of ZnO have been intensively studied, owing to
their promising light emitting properties [17].
Quite recently, we reported a silicon-based LED fabri-
cated on multilayers of luminescent silicon nanocrystals [18].
Nanocrystals were formed by hydrogenation of an amorphous
silicon layer and subsequent annealing; however, they did not
show any luminescence as a result of the strong binding to
the surrounding amorphous silicon medium. To detach sili-
con nanocrystals from the adjoining amorphous matrix, a fur-
ther sequential plasma treatment in a reactive ion etching (RIE)
unit is essential [18]. In this paper, a self-contained method for
the realization of luminescent silicon nanocrystals is reported
where the whole fabrication process can be performed contin-
uously in a single radio frequency plasma assisted chemical va-
por deposition (RF-PECVD) unit without any need for an extra
annealing step and further reactive ion etching (RIE) processes.
Such a fabrication process is very important from an industrial
point of view. In addition, the whole process is achieved at low
temperatures which could end up with the fabrication of light-
emitting structures and devices directly on glass or even plastic
substrates.
2. Experimental details
After degreasing and RCA cleaning, (100) siliconwaferswere
placed in an RF-PECVD reactor, in which the whole fabrication
process would be performed continuously as depicted in
Figure 1. A thin layer of amorphous silicon with a thickness of
about 15 nm is deposited using SiH4 and H2 precursors with
flow rates of 8 and 100 sccm, respectively. The amorphousFigure 1: Fabrication process flow of multilayer luminescent silicon nanocrys-
tals.
silicon deposition was carried out at 300 °C in a base pressure
of about 1 Torr and a plasma power density of 370 W/m2.
After deposition, the chamber was evacuated to dislodge the
remaining reactants and was then fed solely with hydrogen gas
for hydrogenation. The hydrogenation process was executed at
300 °C for 4 min. The plasma power density and base pressure
were maintained at 1400 W/m2 and 1 Torr, respectively.
High resolution transmission electron microscopy (HRTEM)
analysis reveals that silicon nanocrystals are formed during
the hydrogenation process. Sulfur hexafluoride, hydrogen and
nitrous oxide plasma with flow rates of 50, 20, and 20 sccm,
respectively, and power density of 280 W/m2 were utilized
to detach silicon nanocrystals and partially etch amorphous
silicon.
Defect states introduced at the interface of nanocrystals and
the surrounding matrix during this step play a major role in
the luminescence properties of the structure. A very thin layer
of silicon oxynitride (about 5 nm) is then deposited on the
luminescent nanocrystals to prevent adjoining the nanocrystals
with the subsequent amorphous silicon layer that is about to
be deposited. Silane and nitrous oxide gases with flow rates
of 8 and 50 sccm, respectively, were utilized as precursors for
silicon oxynitride deposition which was performed at 300 °C
with a plasma power density of about 470W/m2. The thickness
of the silicon oxynitride layer should not exceed 10 nm or
reabsorption of the light would significantly reduce the PL
intensity. The whole process was repeated several times to
increase the luminescence intensity. For the outermost layer,
deposition of the silicon oxynitride layer is superfluous.
A Hitachi S-4160 scanning electron microscope (SEM)
operating at 20 kV and a Philips CM30 HRTEM operating at
300 kV were used to study silicon nanocrystals. Specimen
preparation for TEM analysis was performed by low-angle
polishing. In order to avoid the introduction of artifacts,
no ion milling was used. The luminescence spectra were
obtained using an AvaSpec spectrometer under the excitation
wavelength of 380 nm.
3. Results and discussion
Hydrogen plasma treatment of pre-deposited amorphous
silicon layers is a well-established process. Hydrogen incorpo-
ration leads to passivation of the surface and bond breaking in
the amorphous silicon. Reconstruction of the dangling bonds
releases the strains and the energy gained from the strain re-
laxation promotes crystal formation [19]. By proper controlling
of the hydrogen flow rate, it is possible to modulate the crystal-
lization process and realize nanocrystallites with dimensions of
about 3–4 nm, suitable for luminescent purposes. A TEM image
F. Karbassian et al. / Scientia Iranica, Transactions F: Nanotechnology 20 (2013) 1063–1066 1065Figure 2: HRTEM image of silicon nanocrystals with dimensions of 3–4 nm.
Circles show the evolution of nano-crystalline fringes within the silicon dot.
of silicon nanocrystals with dimensions of about 4 nm is de-
picted in Figure 2.
Repeating the deposition of the amorphous silicon layer
and hydrogenation process, multilayers of silicon nanocrystals
can be achieved. However, due to the strong attachment to
their surrounding amorphous silicon, these nanocrystals do not
show luminescence. In order to detach silicon nanocrystals, a
further plasma treatment in the presence of H2, N2O, and SF6 is
essential. The presence of hydrogen in the plasma introduces
micro voids [19] allowing the formation of fluorine radicals
and ions to etch the amorphous silicon [20]. Nitrous oxide
was used to adjust the etch-rate. Plan-view SEM images of
samples after partial etching of amorphous silicon, demonstrate
that only regions with high nanocrystal densities remain
(Figure 3). Because the etch-rate of amorphous silicon is
very close to that of silicon nanocrystallites, the amorphous
silicon removal step is extremely delicate and precise control
over the etching parameters should be practiced. In order to
prevent the detached nanocrystals adjoining by a subsequent
layer of amorphous silicon, the consecutive layers of silicon
nanocrystals are separated by a 5 nm-thick layer of silicon
oxynitride. Figure 4 demonstrates a cross-sectional SEM image
of a multilayer structure. The thickness of the silicon oxynitride
layer was increased by a factor of six for SEM imaging.
Photoluminescence analyses show that after detachment
from the neighboring amorphous matrix, the silicon nanocrys-
tals emit light at a wavelength of about 550 nm. Utilizing a
multilayer structure instead of hydrogenation of a thicker layer
(100 nm) of amorphous silicon [18] shows a significant increase
in PL intensity as illustrated in Figure 5. This higher intensity is
believed to be due to realization of more intense layers of lu-
minescent silicon nanocrystals which is also confirmed by SEM
analyses. Figure 6 demonstrates the impact of hydrogenation
duration on the luminescence intensity of silicon nanocrystals.
Increasing the hydrogenation time leads to the introduction of
toomany voids in the nanocrystals layer [18] which annihilates
most of the nanocrystallites and reduces the PL intensity. Fur-
ther investigation into nanocrystallite formation as well as the
origin of light emission is being pursued and fabrication of light-
emitting diodes using this technique is underway.Figure 3: Plane-view SEM image shows that only regions with higher densities
of silicon nanocrystals survive the amorphous silicon removal step.
Figure 4: Cross-sectional SEM image of multilayer luminescent silicon
nanocrystals (for the sake of demonstration the thickness of the silicon
oxynitride layer chosen to be about 30 nm).
Figure 5: Comparison of PL spectrum of a ten-fold luminescent nanocrystals
structure with that of a 100nm-thick amorphous silicon layer which was
hydrogenated for 30 min and subjected to subsequent amorphous silicon
removal in the RIE unit. Both the intensity and wavelength of the PL energy
have been shifted.
4. Conclusion
Silicon nanocrystals with dimensions of about 3–4 nanome-
ters have been obtained by hydrogenation of very thin lay-
ers of amorphous silicon. A plasma treatment process has
been utilized to detach nanocrystals or strong binding to the
surrounding amorphous silicon prevents them from showing
luminescence. Electron microscopy studies demonstrate that
regions with high nanocrystal densities are more resistive to
plasma etching. Hence, nanocrystals with desired dimensions
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hydrogenation period.
can be obtained by flow rate control of precursors during hydro-
genation and subsequent plasma treatment. In order to increase
the PL intensity, multilayer structures have been prepared. The
thickness of the silicon oxynitride layer separating luminescent
nanocrystal layers has to be less than 10 nm or reabsorption
of the light will significantly reduce PL intensity. The fabrica-
tion process of multilayer luminescent silicon nanocrystals has
been continuously performed in a conventional RF-PECVD re-
actor which is very important from an industrial point of view.
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